INTRODUCTION
============

Renewable energy sources, such as solar and wind power, are taking up a growing portion of total energy consumption of human society. Owing to the intermittent and fluctuating power output of these energy sources, electrochemical energy storage and conversion technologies, such as rechargeable batteries, electrochemical capacitors, electrolyzers, and fuel cells, are playing key roles toward efficient and sustainable energy utilization ([@R1], [@R2]). For example, electricity generated from solar and wind power can be efficiently stored in and released from rechargeable batteries and electrochemical capacitors, or converted into fuels by electrolyzers and further regenerated by fuel cells. Despite their different working principles, these electrochemical devices include the following key functional components ([@R3]): two electrodes (cathode and anode), where the major electrochemical processes take place, such as charge storage in batteries/capacitors and electrocatalytic reactions in electrolyzers/fuel cells, and an electrolyte that allows the transport of ions and blocks electronic conduction to complete the electric circuit. In principle, the physical (for example, electronic and ionic conductivity) and electrochemical (for example, redox and catalytic activity) properties of functional materials used in these components govern the performance of devices. Therefore, seeking better materials has been a primary quest for the development of future electrochemical energy--related technologies.

As a relatively young but quickly growing family of porous materials, metal-organic frameworks (MOFs) have generated a tremendous amount of interest from researchers in widespread areas ([@R4], [@R5]). With different metal-containing nodes, organic ligands, and connectivity, more than 20,000 different MOFs have been reported by the year 2013 and the number continues to grow ([@R4]). The composition and pore structure of MOFs can be modulated by tuning the precursors and synthetic conditions or by postsynthetic modifications. In addition, MOFs can be synthesized as nanoparticles and can also form nanocomposites with additional active components. The diversity of composition and structure leads to diverse and tunable functionalities of MOFs. The remarkably high porosity and surface area of MOFs are especially suitable for applications involving storage and interaction with guest species (for example, gas storage/separation and catalysis) ([@R4], [@R6]). These features also trigger extensive research interests to explore the adaptation of MOF-related materials for electrochemical energy storage and conversion ([@R7]--[@R10]). Similar to conventional inorganic materials, MOFs containing redox-active metal centers, typically first-row transition metals (Fe, Co, Ni, Mn, etc.), are of particular interest for delivering electrochemical activity. Compared with both conventional inorganic and polymeric functional materials, MOFs might inherit their advantages (for example, electrochemically active metal centers and organic functional groups). Some additional benefits are also apparent, such as fully accessible organic molecule--coordinated metal sites and easily tunable pore structures. By tuning the metal and organic constituent components and/or constructing composites, MOFs have been successfully demonstrated as electrode materials for rechargeable batteries and electrochemical capacitors, efficient electrocatalysts for fuel production and utilization, and even electrolytes for electrochemical devices ([@R9]). Alternatively, to overcome the limitations of insufficient electronic conductivity and chemical stability of most pristine MOFs, converting MOFs into metal compounds, carbonaceous materials, or their composites has also been extensively explored ([@R11]--[@R15]). These MOF-derived functional materials usually exhibit remarkable advantages originating from their microstructures/nanostructures, showing great potential for energy-related technologies.

Development of MOF-related materials for electrochemical energy storage and conversion has been a rapidly expanding research area in the past decade. Several excellent reviews have summarized recent advances in this field mostly focusing on specific aspects, such as MOF-related materials for specific applications (for example, photocatalysis/electrocatalysis and energy storage devices) or functional/nanostructured materials derived from MOFs ([@R8]--[@R10], [@R13]--[@R19]). From the perspective of materials science, all these aspects are interrelated and essentially deal with the creation and modulation of electrochemical properties for energy-related applications. Therefore, an overview of this exciting research field is highly desirable. In this perspective, we aim to provide an overview for this highly interdisciplinary area and discuss the significant breakthroughs that MOF-related materials have brought to the field of electrochemical energy storage and conversion ([Fig. 1](#F1){ref-type="fig"}). Some coordination polymers and open-framework materials that might not be strictly defined as MOFs are also included for discussion. In particular, we will discuss how different functionalities are realized from the perspective of materials design and synthesis. On the basis of their chemical nature, MOF-related materials can be categorized into two groups: MOF-based materials refer to pristine/modified MOFs or composites that contain MOF moieties, and MOF-derived materials include various inorganic functional materials that are synthesized using MOFs as precursors and/or templates. These MOF-related functional materials offer unprecedented opportunities to both existing and emerging energy-related technologies. By reviewing recent advances, we hope to provide some future directions for the development of MOF-related functional materials, especially toward renewable energy--related applications.

![Schematic of MOF-related materials for renewable energy.\
MOF-based materials with different functionalities by tuning the constituent components: (left to right) electrochemical charge storage, electrocatalytic generation of fuels, and ionic conductivity. MOF-derived materials with different compositions, structures, and functionalities: (left to right) porous carbon with electric double-layer capacitance, hollow structure for charge storage, and carbon-supported composite for electrocatalysis. These MOF-related functional materials enable the storage and utilization of electricity from renewable energy sources.](aap9252-F1){#F1}

MOF-BASED MATERIALS
===================

Electrochemical charge storage
------------------------------

Rechargeable batteries and electrochemical capacitors are two primary types of electrochemical energy storage devices. Batteries, such as lithium-ion and sodium-ion batteries (LIBs and SIBs), rely on reversible shuttling of lithium/sodium ions between two electrodes, offering high energy density and moderate power density ([@R20]). In a typical LIB, Li^+^ ions de-intercalate from a cathode (for example, LiCoO~2~), transport through an electrolyte, and intercalate into an anode (for example, graphite) when charging the cell, and this process reverses during discharging. In 2007, Férey and co-workers ([@R21]) reported the electrochemical lithium insertion in an iron-based MOF, MIL-53(Fe), with a limited specific capacity of 75 mAh g^−1^ based on the Fe^III^/Fe^II^ redox couple. Similar lithium storage properties have been recently reported in MIL-101(Fe) with limited reversibility ([@R22]). In some cases, high reversible capacity can be obtained via possible conversion and/or alloying reactions at low potential, whereas detailed investigations would be necessary to reveal the mechanism ([@R23], [@R24]).

A feasible solution to increase the reversible capacity of MOFs is to introduce redox-active ligands, providing both cationic (metal centers) and anionic (ligands) redox activity. This was first exemplified by lithium storage in a two-dimensional (2D) MOF containing a redox-active bridging ligand ([Fig. 2A](#F2){ref-type="fig"}) ([@R25]). The charge-discharge voltage profiles of the resulting MOF exhibit two distinct stages ([Fig. 2B](#F2){ref-type="fig"}): a high-potential plateau attributed to the Cu^II^/Cu^I^ redox couple and a low-potential plateau originated from anthraquinone groups in the ligands. With a total transfer of three electrons per formula unit, a high specific capacity of 147 mAh g^−1^ was reported, despite some gradual capacity fading ([Fig. 2C](#F2){ref-type="fig"}). A similar strategy has been adopted to fabricate MOF-based cathode materials for SIBs ([@R26]).

![MOF-related materials for charge storage.\
(**A** to **C**) A redox-active MOF Cu(2,7-anthraquinonedicarboxylate) \[Cu(2,7-AQDC)\] for lithium batteries: (A) structural schematic, (B) charge-discharge profiles, and (C) cycling performance \[(A) to (C), adapted with permission from Zhang *et al*. ([@R25])\]. (**D**) Schematic of electrochemical Na storage in Prussian blue crystal \[(D), adapted with permission from You *et al*. ([@R28])\]. (**E** and **F**) Electrochemical capacitors fabricated with nanocrystals of MOFs (nMOFs): (E) structure of nMOF electrochemical capacitor and (F) comparison of energy and power densities for electrochemical capacitors made from nMOF-867 and activated carbon \[(E) and (F), adapted with permission from Choi *et al*. ([@R34])\]. (**G** to **I**) Electronic conductive MOF for electrochemical capacitors: structural schematics of (G) conductive MOF Ni~3~(2,3,6,7,10,11-hexaiminotriphenylene)~2~ \[Ni~3~(HITP)~2~\] and (H) electrolyte components in Ni~3~(HITP)~2~; (I) cyclic voltammetry at a scan rate of 10 mV s^−1^ at different cell voltages \[(G) to (I), adapted with permission from Sheberla *et al*. ([@R36])\]. (**J** to **L**) MOFs as sulfur host for lithium-sulfur (Li-S) batteries: (J) schematic showing the interaction between polysulfides and MOF scaffold, (K) comparison of binding energy of lithium polysulfides to Ni-MOF or Co-MOF, and (L) charge-discharge profiles of MOF/S composite cathodes \[(J) to (L), adapted with permission from Zheng *et al*. ([@R38])\].](aap9252-F2){#F2}

Prussian blue and its analogues, with a general formula of A~*x*~M\[M′(CN)~6~\] (A, mobile cations; M and M′, transition metal cations), appear as very promising open-framework materials for electrochemical ion insertion. Unlike the limited ion insertion in typical MOFs, two or even more alkaline cations, such as Li^+^ and Na^+^, can be accommodated per formula unit under optimized conditions ([Fig. 2D](#F2){ref-type="fig"}), leading to high specific capacity (for example, about 170 mAh g^−1^ based on Na~2~Fe\[Fe(CN)~6~\]) with fast kinetics ([@R27]--[@R31]). Of particular interest is the reversible uptake of large cations, such as K^+^ and Rb^+^, or even multivalent cations ([@R32]), which is difficult for conventional inorganic compounds. This exceptional capability to host large guest molecules in open frameworks is further demonstrated by the oxidative insertion of anions in a Fe-based MOF, enabling the development of dual-ion batteries ([@R33]).

Electrochemical capacitors, also known as supercapacitors, store charge by either electrical double-layer capacitance or pseudocapacitance, and hence are able to deliver high power density and long life span ([@R20]). Double-layer capacitance refers to electrical charge storage by adsorption of ions at the interface between an electrode (typically porous carbon) and a liquid electrolyte without redox process. Pseudocapacitance, on the other hand, involves ultrafast redox reactions at the (near-)surface region or even in the bulk of an electrode (typically transition metal oxides). High surface area and redox-active metal centers of MOFs can potentially offer high double-layer capacitance and pseudocapacitance, respectively. To fabricate electrochemical capacitors, a series of 23 different MOFs in nanocrystalline form has been recently explored by Choi *et al*. ([@R34]) ([Fig. 2E](#F2){ref-type="fig"}). As expected, the electrochemical performance (capacitance, cycle life, charge-discharge profiles, etc.) varies notably among different MOFs, revealing their composition/structure-dependent properties. The best-performing MOF delivers energy and power densities notably higher than those of the benchmark activated carbon ([Fig. 2F](#F2){ref-type="fig"}).

The insulating nature of most reported MOFs appears to be a major obstacle for their electrochemical applications, especially for electrochemical capacitors with high power output. Adding a large amount of conductive additives or using thin-film electrodes could be adopted as compromised solutions ([@R25], [@R34]). Meanwhile, developing MOFs with high electronic conductivity would address the issue on a fundamental basis ([@R35]). For example, Sheberla and co-workers ([@R36]) recently demonstrated that a nickel-based MOF, Ni~3~(HITP)~2~, with a high electronic conductivity over 5000 S m^−1^ and sufficient pore size for accommodating electrolyte species, could be used as an active material for electrochemical capacitors ([Fig. 2](#F2){ref-type="fig"}, G and H). With a voltage window of 1.0 V, a symmetric electrochemical capacitor based on Ni~3~(HITP)~2~ exhibits a nearly ideal double-layer capacitive behavior ([Fig. 2I](#F2){ref-type="fig"}). With an extended voltage window, a Faradaic process presumably attributed to quasi-reversible oxidation of Ni~3~(HITP)~2~ is observed, implying the possibility of introducing pseudocapacitance in MOF-based electrochemical capacitors.

MOF-based materials could also function as scaffolds to host active components, for example, O~2~/Li~2~O~2~ in lithium-air batteries and S/Li~2~S in Li-S batteries ([@R37], [@R38]). Unlike porous carbon materials with relatively inert surfaces, the presence of open metal sites (OMSs) in many MOFs would interact with active species in electrodes and improve the electrochemical performance. Zheng *et al*. ([@R38]) reported a stable sulfur cathode based on a Ni-MOF/S composite. The strong binding between polysulfides (intermediates of reduced sulfur) and Ni^II^ centers of the Ni-MOF host plays an important role in preventing the loss of active materials from the electrode ([Fig. 2J](#F2){ref-type="fig"}). This is further verified by a Co-MOF with identical structure but weaker interaction with polysulfides ([Fig. 2K](#F2){ref-type="fig"}), which produces Co-MOF/S composite with lower specific capacity ([Fig. 2L](#F2){ref-type="fig"}). In addition, the interaction between MOFs and sulfur species can be tuned by altering the OMSs or the pore structures ([@R39], [@R40]). Thus, better sulfur hosts could be developed, combining theoretical prediction and experimental verification.

Electrocatalysis for energy conversion
--------------------------------------

Electrocatalysts are the central component of electrochemical energy conversion systems, which efficiently catalyze reactions to convert electricity into fuels for storage/transport or, in the opposite way, to regenerate electricity for on-site utilization ([@R2]). Specifically, electrochemical water splitting using electrolyzers produces hydrogen fuel by hydrogen evolution reaction (HER) coupled with oxygen evolution reaction (OER). Hydrocarbon fuels or other useful chemicals can be produced from carbon dioxide (CO~2~) reduction, aiming for a carbon-neutral economy. In the meantime, electrochemical oxidation of fuels (for example, hydrogen for proton exchange membrane fuel cells) and oxygen reduction reaction (ORR) occur in fuel cells to generate electricity. Electrocatalysts are loaded on supports to form electrodes, allowing access of reactants and release of products in liquid and/or gas phases. An ideal electrocatalyst should exhibit features such as low overpotential during operation, high selectivity for desirable reactions, high durability, and low cost. Noble metals are highly efficient for many above-mentioned reactions (for example, platinum for HER and ORR). However, for large-scale deployment of these energy conversion technologies, low-cost noble metal--free catalysts are highly demanded ([@R41]).

MOFs can be considered as polymerized forms of molecular catalysts, offering highly exposed coordinated metal centers as active sites. For example, transition metal porphyrins, a class of efficient molecular catalysts, can be transformed to heterogeneous catalysts by incorporating into MOFs as linkers for ORR ([Fig. 3A](#F3){ref-type="fig"}) ([@R42]) or CO~2~ reduction ([@R43]). Metal nodes in MOFs with OMSs could also potentially serve as active sites for various electrocatalytic reactions ([@R44]--[@R46]). However, regardless of targeted reactions, adaptation of MOF-based materials as efficient electrocatalysts has been generally hampered by low electronic conductivity, limited accessibility of active sites, and insufficient chemical stability.

![MOF-related materials for electrocatalysis.\
(**A**) Schematic of a Zr-based MOF with Fe^III^ porphyrin linkers as a heterogeneous catalyst for ORR \[(A), adapted with permission from Usov *et al*. ([@R42])\]. (**B**) Polarization curves of Ni~3~(HITP)~2~ under N~2~ and O~2~ atmosphere in 0.1 M KOH aqueous electrolyte at a scan rate of 5 mV s^−1^ and a rotation rate of 2000 rpm \[(B), adapted with permission from Miner *et al*. ([@R45])\]. (**C** to **E**) UMOFNs as an electrocatalyst for OER: (C) crystal structure and (D) transmission electron microscopy (TEM) image of NiCo-UMOFNs and (E) polarization curves of various OER catalysts in O~2~-saturated 1 M KOH solution at a scan rate of 5 mV s^−1^ \[(C) to (E), adapted with permission from Zhao *et al*. ([@R46])\]. (**F** and **G**) A Co-based MOF, MAF-X27-OH, for OER: (F) structure of MAF-X27-OH and (G) polarization curves of various Co-based catalysts at pH = 14 \[three MAF-X27-OH(Cu) samples refer to the MOF catalyst directly grown on the Cu substrate\] \[(F) and (G), adapted with permission from Lu *et al*. ([@R53])\]. (**H** and **I**) A Ni-S electrocatalyst deposited on the fluorine-doped tin oxide (FTO) substrate with an array of NU-1000 rods for HER: (H) schematic of the creation of NU-1000_Ni-S hybrid system and (I) polarization curves of various catalysts in 0.1 M HCl aqueous electrolyte \[(H) and (I), adapted with permission from Hod *et al*. ([@R54])\]. GCE, glassy carbon electrodes; RHE, reversible hydrogen electrode.](aap9252-F3){#F3}

The emerging family of conductive MOFs also brings opportunities to the development of efficient electrocatalysts. The conductive Ni~3~(HITP)~2~ MOF ([@R36]) has been demonstrated as an active ORR electrocatalyst ([Fig. 3B](#F3){ref-type="fig"}) ([@R45]). The nitrogen-coordinated Ni centers are structurally analogous to M-N~*x*~ (M = Fe, Co, Ni, etc.) units that have been actively explored as noble metal--free ORR catalysts ([@R47]). Despite the competitive ORR onset potential, the predominant two-electron reduction, rather than the more desirable four-electron reduction process observed for the Ni~3~(HITP)~2~ catalyst, suggests the need to develop more effective active centers. Meanwhile, thin films of cobalt-dithiolene--based MOFs with 1D or 2D structures have been explored as electrocatalysts for HER ([@R44], [@R48]), where the combination of active cobalt-dithiolene sites, high electronic conductivity ([@R49]), and robust attachment to the electrode surface would contribute to the high activity.

To increase the amount of easily accessible active sites on the surface, the construction of 2D nanostructures has been demonstrated for MOF-based catalysts by Zhao and co-workers ([@R46]). The small thickness of 3.1 nm of ultrathin Ni-Co MOF nanosheets (NiCo-UMOFNs) corresponds to only four metal coordination layers ([Fig. 3](#F3){ref-type="fig"}, C and D). With exposure of a large amount of OMSs on both surfaces and the coupling effect between Co and Ni, NiCo-UMOFNs exhibit an onset potential for OER notably lower than that of bulky and mono-metal counterparts ([Fig. 3E](#F3){ref-type="fig"}). In another attempt to develop advanced OER electrocatalysts, paddle wheel--type Co-based clusters are bound to a highly stable Fe-based MOF by a delicately designed postsynthetic approach, delivering both high activity and good stability ([@R50]). Alternatively, Manna *et al*. ([@R51]) immobilized a mononuclear Co^II^ complex in the cavity of a MOF, producing an efficient OER electrocatalyst with a "ship-in-a-bottle" hybrid structure.

The stability issues of MOF-based electrocatalysts during operation in highly acidic or basic solutions should not be overlooked ([@R52]). In addition, the true structure of the catalyst surfaces generally remains uncertain, raising serious difficulties for mechanistic studies. As an example, a recent work ([@R53]) on a Co-based MOF (MAF-X27-Cl) as a candidate for OER catalysts reveals an in situ replacement of Cl^−^ ligands with OH^−^ in an alkaline electrolyte, producing a new MOF of MAF-X27-OH ([Fig. 3F](#F3){ref-type="fig"}). The OER activity of MAF-X27-OH has been dramatically boosted by OH^−^ coordinated to the Co-based OMSs, with an electrocatalytic activity notably higher than that of Co(OH)~2~ and Co~3~O~4~ ([Fig. 3G](#F3){ref-type="fig"}). In addition, growing MOF catalysts directly on a conductive substrate can further improve the performance, highlighting the importance of electronic conduction.

Other than directly functioning as electrocatalysts, some MOFs can work as supporting components in electrocatalytic systems. As reported by Hod and co-workers ([@R54]), a Ni-S electrocatalyst for HER is electrodeposited on the conductive glass substrate (FTO) with an array of NU-1000 (a Zr-based MOF) rods. Although a flat layer of Ni-S is deposited on the substrate ([Fig. 3H](#F3){ref-type="fig"}), rather than on the surface of NU-1000 rods, notably improved electrocatalytic activity has been observed in an acidic electrolyte compared with Ni-S deposited on a bare substrate ([Fig. 3I](#F3){ref-type="fig"}). Considering the inactive nature of NU-1000 for HER, the authors reasoned that the high activity of the NU-1000/Ni-S hybrid system can be attributed to the promoted local proton delivery and/or transport ([@R54]). This work highlights the roles of MOFs as ionic conductors, which will be further discussed in detail in the following section.

Ionic conductors for electrolytes
---------------------------------

Electrolytes allow facile transport of ions but not electrons, completing the electric circuit in electrochemical devices without direct short circuit between two electrodes ([@R3]). In batteries and electrochemical capacitors, liquid electrolytes composed of soluble salts and water/organic solvents are commonly used, whereas lithium-based batteries with solid electrolytes have been under active exploration. For fuel cells and electrolyzers, solid electrolytes (for example, proton-conducting Nafion) are widely used to block gases or other soluble reactants/products. The open-pore channels in MOFs imply potential ionic transport with high efficiency, and the insulating character of many MOFs becomes an advantage when applying MOFs for electrolytes. With proper materials design and modifications, charge carriers with high concentration and mobility can be introduced into MOFs, providing pristine MOFs with high ionic conductivity ([@R55]).

Most of the studies on ionic conductivity of MOFs have focused on proton conduction ([@R56], [@R57]). Remarkable proton conductivity has been demonstrated in pristine MOFs via the introduction of acidic functional groups on frameworks. For example, a high density of sulfonic acid groups is covalently grafted on the robust framework of Zr-based UiO-66 by a postsynthetic method ([Fig. 4A](#F4){ref-type="fig"}) ([@R58]). The resulting UiO-66(SO~3~H)~2~ exhibits a superprotonic conductivity of 8.4 **×** 10^−2^ S cm^−1^ at 80°C and 90% relative humidity (RH), which is comparable to that of Nafion. MOFs with highly acidic pores can also be obtained by developing framework structures with free acid groups, mostly phosphonate-based MOFs ([@R59], [@R60]). As reported by Taylor *et al*. ([@R60]), a La-based MOF, PCMOF-5, has uncoordinated phosphonic acid groups from the ligands along the pore channels ([Fig. 4B](#F4){ref-type="fig"}). The highly acidic and hydrated pore channels with potential hydrogen bond pathway enable high proton conductivity above 10^−3^ S cm^−1^ at 60°C and 98% RH; however, the value notably drops at a lower humidity of 90% RH ([Fig. 4C](#F4){ref-type="fig"}). Most proton-conducting MOFs require sufficient hydration because of the roles of water molecules in both Grotthuss and vehicle mechanisms, limiting their applications at temperature above 100°C ([@R56]).

![MOF-related materials for ionic conduction.\
(**A**) Schematic of postsynthetic oxidation modification to synthesize UiO-66(SO~3~H)~2~ \[(A), adapted with permission from Phang *et al*. ([@R58])\]. (**B** and **C**) PCMOF-5 with uncoordinated diprotic phosphonic acid groups for proton conduction: (B) 1D hydrogen-bonding array formed between phosphonic acid groups and free water molecules and (C) Arrhenius plots for PCMOF-5 at 90 and 98% RH \[(B) and (C), adapted with permission from Taylor *et al*. ([@R60])\]. (**D** and **E**) A Fe-based MOF with imidazole for proton conduction: (D) structures of pristine Fe-MOF, imidazole physically absorbed in Fe-MOF (Im\@Fe-MOF), and imidazole chemically coordinated in Fe-MOF (Im-Fe-MOF), and (E) their Arrhenius plots at 98% RH \[(D) and (E), adapted with permission from Zhang *et al*. ([@R65])\]. (**F** and **G**) A layered anionic framework with interlayer-embedded counter cations for anhydrous proton conduction: (F) sandwich-type structure with cations (Me~2~NH~2~)^+^ periodically aligned in the interlayers (left) and the strongly hydrogen-bonded chains (right) and (G) Arrhenius plot under anhydrous condition \[(F) and (G), adapted with permission from Wei *et al*. ([@R66])\]. (**H** and **I**) A Mg-based MOF with lithium isopropoxide as a lithium-ion conductor: (H) schematic of the modified channel of Mg-based MOF and (I) Arrhenius plots of MOF with liquid electrolyte (black cubes), with lithium isopropoxide and solvent (red dots), and with both lithium isopropoxide and liquid electrolyte (blue triangles) \[(H) and (I), adapted with permission from Wiers *et al*. ([@R71])\].](aap9252-F4){#F4}

Another efficient strategy for proton transport in MOFs involves the encapsulation of various protonic molecules, such as triazole, imidazole, histamine, ammonium cations, and Brønsted acids, into the pore channels of MOFs ([@R61]--[@R64]). As recently demonstrated by Zhang and co-workers ([@R65]), imidazole is either physically absorbed by a Fe-based MOF (Im\@Fe-MOF) or chemically coordinated to the metal nodes (Im-Fe-MOF) ([Fig. 4D](#F4){ref-type="fig"}). Notably, the proton conductivity of Im-Fe-MOF is about one order of magnitude higher than that of Im\@Fe-MOF ([Fig. 4E](#F4){ref-type="fig"}), implying the effect of arrangement of guest molecules. With proper nonvolatile proton carriers and/or Brønsted acid--base pairs in MOFs, facile proton conduction under low humidity or even anhydrous conditions has been demonstrated ([@R61], [@R64], [@R66], [@R67]). Wei *et al*. ([@R66]) reported a stable layered MOF with (Me~2~NH~2~)^+^ cations periodically aligned in the anionic interlayers, forming strongly hydrogen-bonded chains ([Fig. 4F](#F4){ref-type="fig"}). This MOF delivers a remarkable single-crystal anhydrous conductivity of 1.25 × 10^−3^ S cm^−1^ at 150°C ([Fig. 4G](#F4){ref-type="fig"}). High proton conductivity at temperature over 100°C has also been demonstrated by loading sulfuric or phosphoric acid in acid-stable MIL-101 ([@R64]) or by embedding phosphoric acid in defect sites of nonporous coordination polymers ([@R68]).

Conducting ions other than proton in MOFs is more challenging. Ionic liquid--based lithium electrolytes are infused in the micropores of ZIF-8, a Zn-based MOF, to produce ionic conductors ([@R69]). Compared with bulk ionic liquid--based electrolytes, incorporating liquid electrolytes in ZIF-8 substantially prohibits the freezing transition and results in improved low-temperature conductivity. Ameloot *et al*. ([@R70]) and Wiers *et al*. ([@R71]) demonstrated a strategy to develop lithium-ion conductors by modifying the pore channels of MOFs with lithium alkoxides. Lithium isopropoxide is taken by a Mg-based MOF with 1D channels of \~14 Å ([Fig. 4H](#F4){ref-type="fig"}). After further soaking in a liquid electrolyte (LiBF~4~ in ethylene carbonate/diethyl carbonate), the dry powder exhibits a remarkable conductivity of 3.1 × 10^−4^ S cm^−1^ at 300 K, which is much higher than that of MOF treated with only lithium isopropoxide or liquid electrolyte ([Fig. 4I](#F4){ref-type="fig"}). Remarkably, this strategy has been extended to synthesize Mg^2+^ ion conductors by introducing various nucleophilic guest species in the same Mg-based MOF and its analogue with extended pore channels ([@R72]). These emerging ion conductors are potential alternatives to current polymer/ceramic electrolytes. However, in addition to sufficient ionic conductivity, their chemical/electrochemical stability, mechanical strength, and processability need to be assessed before they could be adapted as electrolytes.

MOF-DERIVED MATERIALS
=====================

Compositional control
---------------------

Along with the attempts to adapt MOF-based materials for energy-related applications, much more efforts have been devoted to converting MOFs or MOF-based composites controllably into inorganic functional materials. These derivatives, collectively termed MOF-derived materials, cover a wide range of chemical compositions, including various carbons, metals/oxides/hydroxides and many other functional materials, and their nanocomposites ([@R12]--[@R14], [@R18]). Many of these materials have been known to be active for electrochemical applications. Through MOF-derived synthetic approaches, novel compositional and structural features can be created in micrometer/nanometer scales, bringing improved and/or unique properties that are not expected in their conventional counterparts. Generally speaking, there are two basic strategies for controlling the chemical composition of MOF-derived materials ([@R11]): (i) by tuning the composition of MOF precursors and/or (ii) by manipulating the conversion process. In many cases, these two strategies are adapted simultaneously.

Carbon materials, generally with high porosity, are a good example of inorganic functional materials derived from MOFs ([@R73]--[@R76]). Typically, the synthesis involves pyrolysis of MOFs in inert atmosphere followed by an acid-leaching process (this step might be skipped if metal-based species are vaporized), producing porous carbon with high surface area ([@R73], [@R74]). Additional carbon sources (for example, furfuryl alcohol) might be introduced into the pore channels of MOFs to optimize the pore structure of derived carbon ([Fig. 5A](#F5){ref-type="fig"}) ([@R74]). The graphitic degree of MOF-derived carbon materials is correlated to the metal species in precursors ([@R77]), whereas heteroatoms such as nitrogen can be simply introduced by linkers ([@R76]). By constructing core-shell structured particles with two isostructural MOFs (ZIF-8 and ZIF-67), Tang *et al*. ([@R78]) synthesized hybrid carbon particles with an N-doped core and a highly graphitic shell ([Fig. 5B](#F5){ref-type="fig"}). This work demonstrates the simultaneous formation of graphitic carbon catalytically assisted by transition metals and N-doping from N-containing imidazole linkers.

![Compositional control of MOF-derived materials.\
(**A**) Synthesis of porous carbon by carbonization of ZIF-8 with infiltrated furfuryl alcohol (FA) \[(A), adapted with permission from Jiang *et al*. ([@R74])\]. (**B**) Synthesis of hybrid nanoporous carbon by carbonization of core-shell MOF particles \[(B), adapted with permission from Tang *et al*. ([@R78])\]. (**C**) Synthesis of porous carbon-coated ZnO quantum dots by pyrolysis of IRMOF-1 \[(C), adapted with permission from Yang *et al*. ([@R86])\]. (**D** and **E**) Various Ni-based inorganic compounds derived from NiNi-PBAs: (D) schematic of the synthesis strategy and (E) TEM images of the NiNi-PBAs (upper) and derived porous Ni-P (lower) \[(D) and (E), adapted with permission from Yu *et al*. ([@R96])\]. (**F**) Synthesis of mesoporous MoC~*x*~ octahedral particles derived from NENU-5 \[(F), adapted with permission from Wu *et al*. ([@R102])\]. (**G**) Synthesis of MoO~2~-based composite (MoO~2~\@PC/RGO) from a MOF precursor containing POMs \[(G), adapted with permission from Tang *et al*. ([@R103])\]. (**H** and **I**) A composite of Fe~3~C\@N-CNTs derived from a MOF-in-MOF composite: (H) schematic of the synthetic procedure and (I) microscope images of the composite precursor (left) and the derived Fe~3~C\@N-CNTs assemblies (right) \[(H) and (I), adapted with permission from Guan *et al*. ([@R84])\].](aap9252-F5){#F5}

Typically, pyrolysis of MOFs in air produces corresponding metal oxides ([@R79]--[@R81]). Nanocomposites of metal-containing materials and carbon can be produced by pyrolysis of MOFs in a nonoxidative atmosphere without acid leaching. The inorganic materials could be metals, metal oxides, or metal carbides, depending on the type of metal and synthetic conditions ([@R82]--[@R85]). Because of the homogeneous and localized reactions between metal nodes and organic linkers in the nanometer scale, the derived materials normally exist as composites of metal-containing nanoparticles or even atoms/clusters and carbonaceous components ([@R86]--[@R89]). For example, a one-step controlled pyrolysis of IRMOF-1 (also known as MOF-5) produces well-dispersed carbon-coated ZnO quantum dots of \~3.5 nm in size embedded in an amorphous carbon matrix ([Fig. 5C](#F5){ref-type="fig"}) ([@R86]). More recently, a novel nanocomposite of single-metal atoms anchored on N-doped carbon has been successfully synthesized from a Zn-Co MOF by taking advantage of the N-coordinated metal centers in the precursor ([@R87]).

Other than metal oxides, diverse functional materials can be derived from MOFs by reacting MOFs with secondary reactants in the gas or liquid phase. This versatile strategy leads to easy synthesis of hydroxides ([@R90], [@R91]), sulfides ([@R92]--[@R94]), selenides ([@R95]), phosphides ([@R96], [@R97]), and phosphates ([@R98]) and their nanocomposites. As demonstrated by Yu and co-workers ([@R96]), starting with a Ni-based Prussian blue analogue (NiNi-PBA), Ni(OH)~2~, NiO, and nickel phosphide (Ni-P) have been successfully synthesized ([Fig. 5](#F5){ref-type="fig"}, D and E) via reaction with NaOH solution, calcination in air, and annealing with NaH~2~PO~2~, respectively. Compared with conventional inorganic precursors, MOFs allow facile transformations to different functional materials in a well-controlled manner.

Nevertheless, it is sometimes difficult to tune the composition of MOF precursors, especially the metal centers, to produce designed functional materials ([@R99]). Postsynthetic modifications or certain families of MOFs/open frameworks might allow modification of metal centers to some degree ([@R100], [@R101]). A feasible and versatile strategy is to introduce metal-containing guests in the pore channels of MOFs, as demonstrated by the successful synthesis of early transition metal carbides ([@R102]) and oxides ([@R103]). Specifically, a hybrid MOF (NENU-5), consisting of a well-studied HKUST-1 host and Mo-based polyoxometalate (POM) guest species residing in the pores, is subjected to pyrolysis in inert gas followed by an etching process, resulting in the formation of mesoporous molybdenum carbide (MoC~*x*~) octahedral particles ([Fig. 5F](#F5){ref-type="fig"}) ([@R102]). Under optimized pyrolysis conditions, similar hybrid MOF particles supported on graphene oxide sheets are successfully converted to MoO~2~-based nanocomposites ([Fig. 5G](#F5){ref-type="fig"}) ([@R103]). Other metal salts or complexes could also be loaded into MOFs to introduce desirable constituents in the derived materials ([@R104]--[@R106]). In addition, secondary components as preformed particles can be incorporated into MOF particles, forming two-phase composites ([@R107]). A noteworthy example is a MOF-in-MOF composite by assembling two different MOFs, MIL-88B and ZIF-8 ([Fig. 5](#F5){ref-type="fig"}, H and I) ([@R84]). Direct pyrolysis of the MOF composite produces Fe~3~C nanoparticles embedded in N-doped carbon nanotubes (Fe~3~C\@N-CNTs), where the iron and nitrogen moieties come from MIL-88B and ZIF-8, respectively.

Morphological and structural control
------------------------------------

Creating functional materials with unique morphologies and structures in the micrometer/nanometer scale has been a major motivation for developing MOF-derived synthetic methods ([@R11], [@R13], [@R18], [@R108]). MOFs generally serve as both precursors and templates for derived materials, which are excellent examples of self-templated synthesis. The morphology and structure of MOF-derived materials can be effectively engineered by means of synthesizing MOF-based precursors with nanoscale morphological features, for example, (sub-)micrometer-sized particles, hollow/frame-like structures, and MOF-containing nanocomposites ([@R11]). Moreover, compositional control of MOF-derived materials during the conversion process is always accompanied by the formation of unusual microstructures/nanostructures. Therefore, the MOF-based precursor and the conversion method together determine the morphology/structure of the derived materials. There are two notable features for these MOF-derived strategies. First, high porosity of MOFs and loss of certain organic moieties during the conversion process lead to abundant cavities in MOF-derived materials, typically forming porous and/or hollow structures. Second, the moderate thermodynamic stability of MOFs allows the conversion into inorganic functional materials in a controllable manner, which enables the manipulation and tuning of derived structures.

A porous structure is the most basic structure that one can expect from MOF-derived materials. Carbonaceous materials synthesized by pyrolysis of MOF-based precursors typically exhibit nanoporous feature and high surface area ([@R73], [@R74], [@R76], [@R78]). For example, microporous carbon derived from ZIF-8 has shown a very high Brunauer-Emmett-Teller surface area over 3400 m^2^ g^−1^ under optimized conditions ([@R74]), which is significantly higher than that of conventional porous carbon materials. Low-dimensional carbon materials, such as carbon nanotubes or graphene, have been reported in the presence of catalytically active metals ([@R82], [@R105]). Recently, an unusual method has been developed to synthesize 1D carbon nanorods and 2D graphene nanoribbons ([@R75]). Here, direct pyrolysis of a rod-shaped MOF precursor (MOF-74-Rod) produces carbon nanorods, which are further exfoliated to obtain graphene nanoribbons ([Fig. 6A](#F6){ref-type="fig"}).

![Morphological and structural control of MOF-derived materials.\
(**A**) Synthesis of MOF-74-Rod, carbon nanorods, and graphene nanoribbons \[(A), adapted with permission from Pachfule *et al*. ([@R75])\]. RT, room temperature. (**B**) TEM image of mesoporous Fe~2~O~3~ derived from MIL-88-Fe \[(B), adapted with permission from Xu *et al*. ([@R109])\]. (**C**) High-resolution TEM image of mesoporous MoC~*x*~ derived from NENU-5 \[(C), adapted with permission from Wu *et al*. ([@R102])\]. (**D**) High-angle annular dark-field scanning TEM image of single iron atoms (red circles) on N-doped porous carbon \[(D), adapted with permission from Chen *et al*. ([@R104])\]. (**E**) Synthesis of complex hollow structures with multishells (left route) or multicompositions (right route) from Prussian blue \[(E), adapted with permission from Zhang *et al*. ([@R90])\]. (**F**) Schematic of formation of NiS nanoframes from Ni-Co PBA nanocubes (upper) and microscope images of NiS nanoframes (lower) \[(F), adapted with permission from Yu *et al*. ([@R92])\]. (**G**) Fabrication of hybrid Co~3~O~4~-carbon porous nanowire arrays using Co-based MOF arrays \[(G), adapted with permission from Ma *et al*. ([@R118])\]. (**H**) Photograph of a MOF aerogel monolith and derived carbon monolith \[(H), adapted with permission from Xia *et al*. ([@R121])\].](aap9252-F6){#F6}

Other than carbon, porous metal oxides can be prepared by pyrolysis of MOFs in air. However, it is more challenging to maintain an integrated structure and large surface area because of the complete loss of organic components and unavoidable coalescence of nanoparticles. For example, a two-step pyrolysis method has been found to be indispensable for synthesizing spindle-like mesoporous Fe~2~O~3~ particles ([Fig. 6B](#F6){ref-type="fig"}) ([@R109]). Alternatively, porous structures of metal-based inorganic materials are usually constructed with the assistance of carbonaceous components, such as metal-based moieties supported on the porous carbon matrix or carbon-coated porous metal--based compounds ([@R86], [@R87], [@R102], [@R104], [@R110]). The presence of carbon matrix would effectively prevent the excessive growth and agglomeration of metal-containing moieties, as well as the diminishment of the surface area during high-temperature synthesis, as exemplified by the synthesis of mesoporous MoC~*x*~ polyhedral particles via a confined pyrolysis strategy ([Fig. 6C](#F6){ref-type="fig"}) ([@R102]). More recently, isolated single metal atoms have been successfully stabilized and anchored on an N-doped porous carbon ([Fig. 6D](#F6){ref-type="fig"}) ([@R104]).

In view of the large volume loss during the conversion process, MOFs are especially suitable as precursors for the fabrication of hollow and frame-like structures ([@R11]). The formation of hollow structures could be achieved via selective etching of solid MOF particles ([@R111]). More commonly, hollow cavities appear during the conversion process, for example, through outward diffusion in solution-based reactions or heterogeneous contraction during thermal decomposition ([@R11]). By precisely manipulating the reactions, complex hollow structures, such as multishells, hierarchical shells, multiple compositions, and anisotropic structures, have been fabricated using MOF-based precursors ([@R80], [@R90]--[@R93], [@R112]). For example, starting with Prussian blue cubic particles, multishelled hollow microcubes composed of Fe(OH)~3~ nanosheets and multicompositional hollow microcubes of two metal oxides/hydroxides have been prepared ([Fig. 6E](#F6){ref-type="fig"}) ([@R90]). By reacting Ni-Co PBA nanocubes with S^2−^ ions in solution, the ion exchange reaction preferentially occurs at the edge of nanocubes with high curvature and probably higher reactivity ([Fig. 6F](#F6){ref-type="fig"}) ([@R92]). This anisotropic reaction on PBA nanocubes eventually creates an unusual frame-like structure.

Additional functionalities and/or morphological features could be introduced by assembling MOFs with or depositing MOFs on preformed materials, such as mesoporous carbon, graphene, and polymer fibers ([@R113]--[@R116]). Functional materials derived from these composite precursors generally exhibit hierarchical or 3D architectures. Although most MOF-derived materials are in powder form, constructing 3D bulk materials such as films and monoliths has gained increasing interests. Freestanding films could be fabricated by depositing MOFs on proper substrates, such as porous graphene films, carbon cloths, and metal foils ([@R117]--[@R120]). As reported by Ma *et al*. ([@R118]), hybrid porous nanowire arrays of Co~3~O~4~ nanoparticles supported on carbon have been successfully synthesized by pyrolysis of arrays of MOF nanowires on Cu foil ([Fig. 6G](#F6){ref-type="fig"}). Another good example of MOF-derived bulk materials is the synthesis of a porous carbon monolith from a MOF aerogel ([Fig. 6H](#F6){ref-type="fig"}) ([@R121]). In these MOF-derived 3D bulk architectures, the structural features in the micrometer/nanometer scale (for example, low-dimensional morphology and nanoporosity) are organized in the macroscopic scale, which might benefit their uses as active components in electrochemical devices.

Functionalities and applications
--------------------------------

Microstructures/nanostructures have been well known to effectively modulate the physical/chemical properties of inorganic functional materials. As discussed in previous sections, MOF-derived synthesis strategies enable tunable compositions and designable structures of materials, which might boost their electrochemical performance. Specifically, by tuning the chemical compositions and/or incorporating multiple components, the inherent electrochemical activity of MOF-derived materials could be modulated and enhanced. Meanwhile, the high porosity and large surface area of MOF-derived materials provide large electrochemically active surface, facile charge/mass transport, and efficient accommodation of strain during electrochemical processes ([@R11]--[@R13], [@R15]). When applied to electrochemical energy--related applications, these compositional and structural features bring substantial advantages to MOF-derived materials compared with their counterparts synthesized by conventional methods.

For electrochemical capacitors, the double-layer capacitance in carbon-based materials is highly related to the pore structure and surface area. Nanoporous carbon materials derived from MOFs usually have a large surface area and uniform micropores, which are attractive features for double-layer charge storage ([@R3]). The charge storage properties can be further improved by modulating the pore structure and/or morphology ([@R75], [@R122]). The recently reported low-dimensional porous carbon materials derived from MOF-74-Rod exhibit high double-layer capacitances ([@R75]). In particular, the 2D carbon nanoribbons deliver a remarkable specific capacitance of 193 F g^−1^ at 10 mV s^−1^ in a symmetric two-electrode cell with a voltage window of 1.0 V ([Fig. 7A](#F7){ref-type="fig"}), which is superior to the carbon nanorods ([Fig. 7B](#F7){ref-type="fig"}). Moreover, doping of heteroatoms (for example, nitrogen) might introduce Faradaic charge storage and/or improve electronic conductivity, whereas a higher graphitic degree might lead to increased electronic conductivity but reduced surface area ([@R78]). All these features can be modulated through tuning the precursors, synthetic conditions, posttreatment, and so on, making MOF-derived carbon materials promising candidates for electrochemical capacitors ([@R17]).

![Functionalities and applications of MOF-derived materials.\
(**A** and **B**) Carbon nanorods and graphene nanoribbons derived from MOF-74-Rod for electrochemical capacitors: morphology illustrations and cyclic voltammograms (CVs) of (A) carbon nanorods and (B) graphene nanoribbons in 1 M H~2~SO~4~ electrolyte \[(A) and (B), adapted with permission from Pachfule *et al*. ([@R75])\]. (**C** to **E**) Multishelled Ni-Co oxide hollow particles for charge storage: (C) TEM image and (D) CVs of Ni-Co oxide hollow particles and (E) in situ liquid-cell TEM observation of charge/discharge processes \[(C) to (E), adapted with permission from Guan *et al*. ([@R124])\]. (**F** and **G**) Double-shelled hydroxide hollow particles (CH\@LDH) as a sulfur host for Li-S batteries: (F) synthesis of sulfur-loaded double-shelled CH\@LDH particles and (G) their cycling performance compared with a conventional mesoporous carbon/sulfur composite \[(F) and (G), adapted with permission from Zhang *et al*. ([@R91])\]. (**H**) Polarization curves of various cobalt-based sulfide particles in 0.5 M H~2~SO~4~ \[(H), adapted with permission from Huang *et al*. ([@R129])\]. (**I**) Polarization curve of isolated single Fe atoms on N-doped porous carbon (Fe-ISAs/CN) compared with N-doped carbon (CN) and Pt/C in O~2~-saturated 0.1 M KOH (inset: scheme of Fe-ISAs/CN) \[(I), adapted with permission from Chen *et al*. ([@R104])\]. (**J** and **K**) Hollow particles of N-doped carbon nanotubes (NCNTs) as a bifunctional catalyst: polarization curves at a rotation rate of 1600 rpm in (J) O~2~-saturated 0.1 M KOH and (K) 1 M KOH \[(J) and (K), adapted with permission from Xia *et al*. ([@R82])\].](aap9252-F7){#F7}

MOF-derived electrode materials for batteries usually have two major advantages. First, high porosity and large surface area promote the ion transport and insertion within the porous structure, leading to higher reversible capacity and improved kinetics. Second, the abundant cavities sometimes with carbonaceous components accommodate mechanical strain during repeated ion insertion/de-insertion, leading to prolonged cycle life. These merits not only help to develop advanced electrode materials for conventional LIBs but also work for battery-type electrodes in hybrid supercapacitors (HSCs). An HSC combines a carbon-based capacitor-type electrode and a battery-type electrode, potentially delivering both high energy and power densities ([@R123]). Fast kinetics and long life span are required in the battery-type electrode, which could be realized by constructing hollow structures from MOFs. Guan *et al*. ([@R124], [@R125]) recently demonstrated a general coordination polymer--derived approach for multishelled mixed metal oxides ([Fig. 7C](#F7){ref-type="fig"}) and sulfides. These complex hollow particles with thin Ni-Co oxide shells give rise to fast Faradaic redox processes despite their battery-type behavior ([Fig. 7D](#F7){ref-type="fig"}). Minimal volume change is observed during charge/discharge by in situ liquid-cell TEM ([Fig. 7E](#F7){ref-type="fig"}).

The tunable porous structure and composition also allow the designed synthesis of advanced host materials for sulfur in Li-S batteries. MOF-derived carbon hosts with various porous structures have been actively explored to encapsulate sulfur ([@R121], [@R126], [@R127]). In particular, micropores have been found to induce some strong confinement effect with guest species, thus altering the electrochemical behavior of the carbon-sulfur composite electrodes ([@R127]). To increase the loading amount of sulfur and strengthen the encapsulation of polysulfides, hollow structures containing polar metal compounds would be promising hosts by providing both physical barriers and chemical sorption to active species ([@R128]). As a proof of concept, Zhang *et al*. ([@R91]) designed and synthesized double-shelled hollow structures of cobalt hydroxide and layered double hydroxides (CH\@LDH) starting from ZIF-67 particles ([Fig. 7F](#F7){ref-type="fig"}). After loading of 75 weight % of sulfur in the hollow structures, the composite electrode delivers much improved cycling stability compared with a conventional mesoporous carbon/sulfur material ([Fig. 7G](#F7){ref-type="fig"}).

MOF-derived materials have also been found attractive as electrocatalysts. Tuning the chemical composition would significantly affect the inherent catalytic activity. For example, Huang *et al*. ([@R129]) reported a general MOF-derived approach toward hollow polyhedral particles of Co-based bimetallic sulfides. By modulating the chemical composition, Zn~0.3~Co~2.7~S~4~ hollow particles exhibit the best HER activity among the investigated samples ([Fig. 7H](#F7){ref-type="fig"}). To further increase the exposure of active sites, the size of metal-based active components has been reduced to ultrafine nanoparticles or even single atoms supported on porous carbon matrix ([@R87], [@R102], [@R110]). A noteworthy example is a family of noble metal--free ORR electrocatalysts based on nanocrystallites or even atoms of transition metals loaded on N-doped carbon materials, for which MOFs with imidazole-type ligands have been widely used as precursors ([@R47], [@R104], [@R130]). The isolated Fe atoms anchored on N-doped carbon support represent the upper limit of atomic efficiency for catalysis ([@R104]), with remarkable ORR activity exceeding that of Pt/C catalyst in alkaline electrolytes ([Fig. 7I](#F7){ref-type="fig"}).

MOF-derived electrocatalysts have been extensively reported in the past few years and have been applied to most of the important energy conversion reactions, including HER and OER for water splitting, ORR for fuel cells, and even CO~2~ reduction ([@R8], [@R15]). Many electrocatalysts also exhibit multiple functionalities by catalyzing more than one reaction ([@R83], [@R89]). Of particular interest is the development of bifunctional electrocatalysts for OER and ORR, which are important for the operation of cathode in rechargeable metal-air batteries. Hollow particles composed of NCNTs reported by Xia *et al*. ([@R82]) represent an excellent example. In alkaline electrolyte, this NCNT catalyst derived from ZIF-67 manifests better ORR activity and durability than a commercial Pt/C catalyst ([Fig. 7J](#F7){ref-type="fig"}); similar superiority is observed for the OER activity ([Fig. 7K](#F7){ref-type="fig"}). The remarkable electrocatalytic activity and stability would be related to the hierarchical hollow structure with a large surface area and the highly active and robust graphitic NCNTs.

CONCLUSIONS
===========

In retrospect, new technologies and/or breakthrough advances in existing ones usually come with the development of new materials. Perhaps we are now witnessing a revolution brought by MOFs to the field of renewable energy technologies. MOF-related materials have been demonstrated as potential candidates for essential components in electrochemical energy storage and conversion devices, such as electrode materials, electrocatalysts, and electrolytes. The promising physical/physicochemical properties expected in these electrochemically active materials, including charge transport/storage properties and electrocatalytic activities, can be realized and modulated in both MOF-based and MOF-derived materials by proper compositional and structural engineering.

The research of MOF-based materials for electrochemical energy storage and conversion is still at its infancy stage. Despite a few particular groups of materials, that is, Prussian blue and its analogues for ion storage and proton-conducting MOFs, reports on MOF-based electrode materials, electrocatalysts, and electrolytes are still limited. It has been known that both metal and organic moieties can contribute to the electrochemical activity. Additional functionalities such as ion conductivity can be realized by forming nanocomposites. The open-framework structures, in principle, maximize the utilization of atoms/molecules, and they are also essential for charge/mass storage and transport. However, the insulating nature of most existing MOFs hampers their adaptation as electrode materials and electrocatalysts. The emergence of new MOFs with high electronic conductivity represents a feasible solution. Meanwhile, MOF-based electrolytes for ions other than proton are important for batteries but are rarely reported to date. In future studies, theoretical prediction based on computational modeling might significantly aid the discovery of new MOFs for electrochemical applications. In addition, the stability of MOF-based materials during ion insertion and operation in highly corrosive electrolytes remains another critical issue.

MOF-derived materials for electrochemical applications have been under intensive investigation in the past few years. MOFs serve as an important platform for the development of advanced inorganic functional materials. New features and properties have been brought to many known inorganic materials derived from MOF-based precursors. More specifically, the MOF-derived strategy is unique and efficient for porous and/or hollow microstructures/nanostructures and nanocomposites with strongly coupled metal-based moieties and carbon. The self-templated feature of many MOF-derived approaches simplifies the synthetic procedures, possibly allowing large-scale production. Nevertheless, most reports are based on individual systems; universal and general synthetic approaches are highly desirable but still limited. From a practical point of view, starting with low-cost and easily synthesized MOFs would be more appealing. Finally, an in-depth understanding of the formation processes of MOF-derived materials and their composition/structure-dependent properties is still lacking, where computational and theoretical approaches would play important roles in future studies.

Overall, the development of MOF-related materials for electrochemical energy storage and conversion has been an exciting interdisciplinary area, where opportunities and challenges coexist. One might expect rapid development of MOF-related functional materials from materials design and synthesis, evaluation of properties, fundamental understanding, and eventually to practical applications. In addition to fundamental research, low-cost and industrial production of MOFs has already been successfully demonstrated, for example, the Basolite series developed by BASF SE. In view of the continuous progress on scale-up synthesis of MOFs ([@R131]), the widespread use of MOF-related materials for industrial and domestic applications is highly feasible. With continued research efforts in the related fields, it is likely for us to witness a revolution of renewable energy utilization in the near future.
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